Background: There are substantial differences between the costs of medical masks and N95 respirators. Costeffectiveness analysis is required to assist decision-makers evaluating alternative healthcare worker (HCW) mask/ respirator strategies. This study aims to compare the cost-effectiveness of N95 respirators and medical masks for protecting HCWs in Beijing, China. Methods: We developed a cost-effectiveness analysis model utilising efficacy and resource use data from two cluster randomised clinical trials assessing various mask/respirator strategies conducted in HCWs in Level 2 and 3 Beijing hospitals for the 2008-09 and 2009-10 influenza seasons. The main outcome measure was the incremental cost-effectiveness ratio (ICER) per clinical respiratory illness (CRI) case prevented. We used a societal perspective which included intervention costs, the healthcare costs of CRI in HCWs and absenteeism costs.
Background
Healthcare workers (HCWs) are at increased risk of contracting influenza and other respiratory infections compared to the rest of the adult working population [1] . The use of respirators and masks to reduce transmission of these infections within hospitals can decrease the costs associated with HCW absenteeism and the costs of nosocomial infections in vulnerable patients. Mask/respirator availability can also be crucial in the context of emerging respiratory infection threats to HCWs where effective pharmaceutical interventions may not be available, e.g. the 2003 severe acute respiratory syndrome (SARS) epidemic and the Middle East Respiratory Syndrome (MERS) outbreaks since 2012 [2, 3] .
Medical masks, referred to as surgical masks in some countries [4] , were not designed to protect the wearer from aerosol transmission of droplet nuclei and viral particles [5, 6] . Respirators are specially engineered for this purpose [7] . The N95 respirator models have been tested and proven to have at least 95% particle filter efficiency [8] . The World Health Organization (WHO) and the U.S. Centres for Disease Control and Prevention (CDC) recommend the use of a mask in low-risk settings and a respirator in high-risk settings (e.g. during aerosol generating procedures) to protect healthcare workers (HCWs) from seasonal influenza [9, 10] . In the context of influenza A(H1N1)pdm09, the WHO recommended similar precautions to those advised for seasonal influenza while the CDC recommended at least the equivalent of a fit tested N95 respirator for HCWs in contact with pandemic influenza patients, even when aerosol-generating procedures were not being conducted [11, 12] .
There are substantial differences between the costs of respirators and masks that may affect the development of country specific mask/respirator guidelines for HCWs [4] . Another potentially important consideration is fit testing, which adds to the cost of respirator use, but may help ensure the seal of a respirator to a HCW's face [7] . A recent review identified the lack of economic evaluations that used clinical efficacy estimates to assess the cost-effectiveness of mask/respirator use in healthcare settings [13] . The aim of this present study is to compare the cost-effectiveness of respirator and mask interventions in HCWs using data from two large clinical trials conducted in Beijing hospitals [14, 15] .
Methods

Trial and intervention design
The two previously published cluster randomised trials used in this economic evaluation [14, 15] were designed to measure the efficacy of N95 respirators and medical masks to protect HCWs from respiratory infections in Beijing hospitals. In these trial designs, the units of randomisation were entire emergency departments or respiratory wards from Level 2 and 3 hospitals, assigned to each intervention. The participants were the HCWs working in each of the enrolled wards, i.e., all nurses, doctors and administration staff. These wards were selected as they were considered to be high-risk settings for occupational exposure to respiratory infections. The intervention period in the first trial (Trial 1) was during the winter of 2008/09, from December 2008 to January 2009 [14] . The second trial (Trial 2) intervention period followed in the winter of 2009/10, from December 2009 to January 2010 [15] .
In Trial 1 continuous use of fit tested and non-fit tested N95 respirators was compared to medical masks [14] . Continuous use referred to the wearing of N95 respirators or medical masks for the entire shift. It was deemed unethical to randomise wards to a control arm (i.e. no mask use), so a convenience sample of HCWs from hospitals with documented pre-study low rates of mask use was recruited. This arm was excluded from this economic analysis due to the lack of randomisation. In Trial 2 there were two fit tested N95 respirator arms and the difference between these arms was that one arm employed continuous respirator use while the other carried out targeted (i.e. selective) respirator use by HCWs only whilst conducting high-risk procedures such as common aerosol-generating procedures, or when barrier nursing patients with known respiratory illness. These arms were compared to a continuous use medical mask arm (as used in Trial 1).
In Trial 1, the number of HCWs per arm was 492, 461 and 488 for the continuous medical mask, continuous N95 fit tested and continuous N95 non-fit tested arms respectively. In Trial 2, the number of HCWs per arm was 572, 516 and 581 for the continuous medical mask, targeted N95 fit tested and continuous N95 fit tested arms respectively. The criterion for clinical respiratory illness (CRI) in both trials was the presentation of two or more respiratory symptoms or one respiratory symptom and one systemic symptom [14, 16] . Respiratory symptoms considered were cough, nasal congestion, rhinorrhoea, sore throat and sneezing. Systemic symptoms considered were a temperature > 38°C, perceived chills and/or fever, lethargy, loss of appetite and myalgia.
The respirators and masks used in both trials were sourced from the manufacturer 3 M China [14, 15] . As the models supplied in Trial 1 had been discontinued for China by the following season, different models of the same respirator and mask types were supplied in Trial 2. Both trials included at least one arm that applied qualitative fit testing for participating HCWs once at the beginning of the trial period, according to the manufacturer's instructions [17] .
Perspectives
We adopted a societal perspective, as recommended by the WHO cost-effectiveness analysis guidelines [18] . We included the costs for the interventions in addition to inpatient and outpatient costs to the healthcare system for HCW CRI cases. Indirect (productivity) costs were included for 15 min of staff time lost while being fit tested for respirators and due to HCW absenteeism for CRI. The only out-of-pocket costs included were the costs of medications and outpatient visits to healthcare centres/fever clinics and emergency wards for CRI. Other potential out-of-pocket costs incurred to HCWs with CRI, such as healthcare co-payments and direct non-medical costs (e.g. transport costs) were excluded as no trial data was collected on these items.
Economic model design
We applied a decision analytic model using Microsoft Excel to construct a separate economic evaluation for each trial. Costs and health outcomes were not discounted as the time horizon of the analysis was less than one year (28 days). The primary outcome was the incremental cost effectiveness ratio (ICER) per CRI case prevented. This was chosen as CRI in HCWs was the primary endpoint in both trials (CRI cases in patients were not recorded). A one-way sensitivity analysis was carried out on a range of parameters to identify those that most substantially impacted on the ICER. In scenario analysis we examined seasonal variation in attack rates for CRI (from 1-30%) [1] to capture values outside of those observed in the years the trials were run.
Before adjusting for confounding, Trial 1 found that only the continuous use non-fit tested N95 arm was significantly more protective against CRI than medical masks [14] . However, a combined ' All N95' arm, which included both fit tested and non-fit tested N95 groups (there was no significant difference between these groups), was found to be significantly more protective in post-hoc cluster confounder adjusted analysis compared to medical masks [14] . For these reasons, we calculated our ICER results for this trial using the efficacy estimated for this ' All N95' arm. However, to explore the impact of fit testing on cost-effectiveness, we selectively either included/excluded the cost of fit testing for those in the ' All N95' arm. For Trial 2, after the results were cluster and confounder adjusted, only the continuous use fit tested N95 arm had a significantly more protective effect compared to medical masks [15] . We excluded the targeted use fit tested N95 arm from the economic analysis as there was no significant difference in results for this arm when compared to medical masks [15] .
Parameter input sources
The CRI rates observed in each of the arms of the trials were used when reporting preliminary results for all arms, however when estimating ICERs, CRI rates were generated from the intention-to-treat cluster and confounder adjusted significant efficacy results from both trials [14, 15] . Information on intervention efficacy, the number of respirators or masks used per shift and shift durations, were obtained from the trial publications [14, 15] . Data on HCW resource use due to CRI cases, the exact proportions of each staff type in each arm, the number of shifts worked and the number of days of leave taken, were extracted from the trial databases. Healthcare resource use costs for treatments were sourced from the Beijing pharmaceutical sunshine procurement platform [19] . Estimates were used for the costs of visits to healthcare centres or emergency departments and staff monthly salary costs (Xiaoli Wang, Beijing CDC, personal communication, July 2014). The estimated salary costs were comparable (approximately) with the National Bureau of Statistics China average health and social work salary for 2014 [20] . Costs are reported in 2014 US Dollars and 2014 Chinese Renminbi using the exchange rate of 1 USD = 6.2RMB (Table 1) .
Costs of intervention
For both trials separately, respirator and mask costs per HCW for each arm were calculated by multiplying the mean number of shifts worked in the 28 day trial periods, by the cost of either two N95 respirators or three medical masks as provided per HCW for each shift worked in the trials [14, 15] . HCWs worked an average of 20 shifts in Trial 1 and 22 shifts in Trial 2 over the trial duration, with a typical shift being eight hours in duration.
For fit tested arms, the mean cost of 15 min of HCW time to be fit tested was included, taking into account the proportion of each staff type (doctors, nurses, etc.) in the trial. Fit tester time was included as the cost of 15 min of an administration staff member's time per HCW, US $1.98 (12 RMB) in Trial 1 and US $1.81 (11 RMB) in Trial 2. This cost (calculated from monthly salaries) was estimated to be different between the trials as HCWs worked slightly more shifts per month on average in Trial 2. As test operators can be self-taught we did not include any training costs [17] . The respirator, mask and fit test kit costs applied are shown in Table 1 
Cost of CRI
Information on the direct healthcare resource use of each HCW who was documented as having a CRI during the trials was collected through surveys completed in person. HCWs who had symptoms were required to report to the ward head nurse for survey completion. This provided data on the different types of treatment used by the HCW for a specific CRI episode and on the number of healthcare centre/fever clinic visits and emergency ward visits. This was used to calculate the mean cost of CRI for a HCW in each trial.
Indirect costs, in terms of productivity loss due to HCWs taking leave for a CRI episode, were estimated using the human capital approach [21] . The mean leave cost per HCW with CRI in each trial was calculated taking into account the proportions of each staff type that took leave. The productivity cost per day of leave was calculated by dividing mean monthly income by the average number of shifts for all HCWs in the 28 days trial period (i.e. 20 shifts in Trial 1 and 22 in Trial 2).
CRI rates
In Trial 1 the CRI attack rates for those allocated to continuous N95 use were 4.6% and 3.3% (with/without fit testing respectively) and 6.7% for those allocated to the medical mask use arm (Table 2 ) [14] . In Trial 2, the CRI attack rate was 7.2% for those allocated to fit tested N95 respirators compared to 17.1% for those allocated to the medical mask use arm (Table 2 ) [15] . These were also compared to a CRI attack rate of 11.8% for the targeted use fit tested N95 arm in Trial 2 [15] , which was excluded from further analysis due to lack of statistical difference compared to the medical mask arm.
Results
Estimated mean intervention costs
Intervention costs per HCW in Trial 1 for the 28 days were US $32.07 (199 RMB) in the continuous use nonfit tested N95 arm. They were nearly two-fold higher for the continuous use N95 fit tested arm at US $60.40 (374 [20] RMB) and were US$8.53 (53 RMB) for the medical mask arm (Table 2) . Results for Trial 2 were similar, with intervention costs per HCW of US$61.31 (380RMB) for both N95 arms and US $9.35 (58 RMB) per HCW for the medical mask use arm (Table 2) .
Estimated mean CRI costs
The mean CRI costs per HCW case were low in all arms compared to intervention costs ( Table 2 ). The most commonly reported treatment used by those with CRI in both trials (56% in Trial 1 and 30.5% in Trial 2) was traditional Chinese medicines (commonly Ganmo Qingre Granules, US $1.93 [12 RMB]). A breakdown of mean CRI costs per HCW and mean intervention costs per HCW for respective trial intervention arms is shown in Fig. 1 .
Mean direct healthcare costs per HCW with CRI in 
ICER
The cost-effectiveness estimates described below are focused around the intention-to-treat trial efficacy results for N95 respirators which showed a significant protective effect against CRI, when compared to medical masks, after adjusting for clustering and confounding (shown in bold in Table 2) .
Continuous use of fit tested N95 respirators vs. medical masks
In Trial 1, when we included the cost of fit testing, the ICER for continuous N95 respirator use was US $1224 (7589 RMB) per CRI case prevented when compared to medical mask use. In Trial 2 the ICER was US $489 (3032 RMB) for continuous fit tested N95 respirator use when compared to medical mask use. The difference between the trials is primarily explained by the higher CRI attack rates in Trial 2 ( Table 2) .
Continuous use of non-fit tested N95 respirators vs. medical masks
In Trial 1, when we excluded the cost of fit testing, the ICER for continuous N95 respirator use was US $549 (3404 RMB) per CRI case prevented when compared to medical mask use. In response to the relatively low fit test failures observed in both trials of 1.1-2.6% [14, 15] , we Results calculated based on the clustering and confounder adjusted hazard ratio (0.39) for continuous N95 fit tested compared to medical mask (equivalent to a 61% efficacy = 1 -HR) also estimated the ICER for Trial 2 under a hypothetical scenario where the cost of fit testing was excluded from the respirator arm. This scenario analysis resulted in an ICER for continuous N95 use of US $239 (1482 RMB) per CRI case prevented compared to medical masks.
Sensitivity analysis results
One-way sensitivity analysis indicated that CRI attack rate and intervention effectiveness have the greatest impact on the ICERs (Fig. 2) . In scenarios where we assumed the attack rate was greater than approximately 4% for continuous non-fit tested respirators and 8% for fit tested respirators, the ICERs were below US $1000 (6200 RMB) per CRI case prevented (see Fig. 3 ). The importance of the attack rate is also shown by the overlap in the Trial 1 and 2 results for the N95 continuous fit tested arms when we modelled the same background CRI attack rate in the medical mask arm (see Fig. 3 ). In both trials the ICER worsened substantially when the lower effectiveness values from the trial confidence intervals were applied (see Table 3 and Fig. 2 ). Sensitivity analysis was also carried out on costs for treatment including healthcare visits and the impact of doubling and halving the cost of N95 respirators (see Table 3 and Fig. 2) . The potential for the interventions to be cost-saving was only estimated when we assumed a severe illness treatment cost for each CRI case (US $525, 3255 RMB) [22] . This is an extreme scenario and is unlikely except in a highly pathogenic influenza epidemic/pandemic where a mean case requires substantial healthcare treatment. 
Discussion
We estimated that the incremental cost to prevent a CRI case in a HCW for continuous N95 respirator interventions compared to medical masks ranged from US $490-$1230 (3000-7600 RMB) in this setting, which is in the acceptable range. We found that including fit testing in a N95 respirator intervention approximately doubles the cost of the intervention and substantially decreases the cost-effectiveness per CRI case prevented compared to medical masks during seasons with a low CRI attack rate. However, these results must be interpreted with caution as the low respirator fit test failure rates (1.1-2.6%) observed in the trials may be specific to the N95 respirator models used in both trials [14, 15] . A potential policy option could be to forego fit testing if respirators with known low fit test failure rates were used (such as those used in the trials), although this decision requires careful consideration and would depend on the severity of circulating pathogens. This incremental approach to considering the additional costs and benefits of fit testing may be particularly important in settings where resources are limited and choices must be made between fit testing and other potential lifesaving interventions. At present there is insufficient literature to support that the low failure rates seen in the trials would apply for all respirator models.
We also found that variation in the CRI attack rate was a major factor in determining the cost-effectiveness of respirators (see Fig. 2 ). The higher attack rate in Trial 2 was most likely due to the more active influenza season observed in the 2009/10 influenza season [14, 15] . The incidence and severity of CRI cases which occur in any given year will vary in accordance with the transmissibility and pathogenicity of the annual influenza strains that are circulating during that season. The incremental cost per CRI case prevented for continuous use N95 respirators compared to medical masks was found to be substantially lower in high attack rate seasons (Fig. 3) . It is important that this seasonal variation is accounted for when evaluating the cost-effectiveness of influenza prevention measures [23] .
Whilst the results of our study are indicative of costeffectiveness, economic evaluations are not usually seen as transferable between settings. Mask/respirator interventions in HCWs need to be evaluated for countries separately to account for inter-country variations in factors such as intervention acceptability [24, 25] , healthcare costs and productivity costs. Variation within countries is also possible and hence the results of this study which only includes trial data from Beijing hospitals may not be generalisable to all settings in China.
China has comparatively high cultural acceptability of mask/respirator use compared to western countries [26] . Furthermore, a study of Beijing HCWs regarding A(H1N1)pdm09, suggests that some HCWs in this setting may continue to attend work with symptoms of influenza like illness [27] . This may partially explain the relatively low levels of absenteeism for HCWs with CRI in the trials. The low mean healthcare costs for CRI in both trials may have been due to the relatively modest influenza seasons and low levels of healthcare seeking by staff [14, 15] . The existing economic studies on masks/respirators have suggested that the interventions were likely to be cost-effective in the high income settings they examined [28] [29] [30] [31] [32] . However, it is difficult to compare the results of our evaluation to these previous high income setting studies as they often did not report results in an easily comparable format (e.g. cost per case prevented) and most did not use clinical trial efficacy data to inform their analyses [33] .
A limitation of the original trials was the 28 day duration [14, 15] meaning that the results may not translate to longer term interventions which may have different adherence levels. A limitation of our analysis is that the effect of the interventions on CRI rates in the patients or family members of HCWs could not be included due to the absence of data. The exclusion of these factors will make our results more conservative. HCWs are known to transmit various types of nosocomial infections to patients [34] and the literature indicates that there are likely to be substantial benefits if the number of patients with CRI is reduced [22] . For example, the benefits of preventing HCW infection transmission through vaccination have been observed in long-term care facilities that found an associated decrease in mortality in their elderly residents [35] [36] [37] . The difference in mean direct healthcare costs per HCW with CRI between the trials (i.e. US $5.45 [34 RMB] in Trial 1 and US $2.60 [16 RMB] in Trial 2) may partly reflect variation in the thoroughness of the sick follow-up data collection between the trials. Another potential limitation of this study is that stochastic uncertainty was not directly explored using the individual level data from the trials [21] . Instead, we adopted a decision-model based approach using clinical trial data to inform input parameter values and explored the uncertainty of these values in deterministic sensitivity analyses. This approach facilitated a focus on forms of uncertainty unrelated to sampling, such as the potential inter-year variation in the CRI attack rate. Finally, as data on quality of life were not collected in the trial we chose to focus the economic analysis on the primary trial outcome (CRI). This limits the ability to compare the value for money offered against other interventions.
Conclusions
This economic evaluation is the first economic analysis of mask/respirator interventions to be conducted for a middle income setting and it is one of the first to make use of clinical trial evidence [14, 15] . This evaluation provides valuable evidence that can be used by decision makers to help assess the costs and benefits of alternative HCW mask/respirator protection strategies. The determination of cost-effectiveness will depend on the willingness to pay to prevent a CRI case in a HCW and this varies between countries and is not easily transferrable between different settings. The extent to which a decision maker is likely to focus on cost-effectiveness evidence when it comes to HCW protection will in part depend on the seriousness of the infections being prevented [33, 38] . In the case of a highly pathogenic pandemic, respirator use in HCWs would likely be a cost-effective intervention. 
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